Introduction: starch granule organization and biosynthetic implications
The organization of starch polysaccharides into discrete granules is encountered throughout the plant kingdom and has a major impact on both biological and technological functionality. The insoluble granule form contains densely packed polysaccharide and is therefore an efficient means of storing reserve energy in plants. It may also be significant that amylolytic enzyme reactions are relatively slow and/or limited with granular starch substrates, thus potentially allowing control of glucose availability during mobilization of the energy reserve. In food and commercial uses of starch, the relatively non-functional granule is usually cooked in one way or another, resulting in loss of granule form and massive uptake of water.
It has been recognized for a long time that starch granules contain ordered structures, traditionally identified by birefringence effects at the light microscope level, and through characteristic X-ray powder diffraction patterns [ 1 I. More recently it has been shown that observed diffraction patterns are due to packing of left-handed co-axial double helices [ 1, 21 into extended regular arrays.
Several lines of evidence implicate the amylopectin component as being the predominant, if not sole, contributor to crystalline order within granules [ 11.
Recent advances in electron microscopy coupled with scatteringldiffraction measurements have shown significant layering within granule fragments, with unit blocks spaced at regular intervals of cu.
nm [O]
, and have provided good evidence that crystalline ordered structures tend to radiate outwards from the centre of a granule [4]. Transmission electron micrographs of etched and stained granule thin sections show a layered 'growth ring' structure with ring spacings of the order of 1 p m [ 11. There is therefore good evidence that various levels of structural organization exist within granular starch.
The generation of such hierarchical order is a major achievement for the biosynthetic apparatus, particularly as the granule form appears to be remote from thermodynamic equilibrium. This is [S, 61. This suggests that there must be considerable control of the polysaccharide environment during granule biosynthesis to prevent the thermodynamic drive towards double-helical order involving amylose. There are clearly many questions remaining to be answered in the field of starch biosynthesis, not only at the polysaccharide level but also in connection with granule architecture and its creation. A pre-requisite for such studies is a detailed knowledge of the various levels of granule structural organization.
Techniques for probing starch granule organization
Many probes of structural organization have been applied to granular starch systems, with information at a range of distance levels being derived. The longest range probe is probably that of optical birefringence, with a characteristic cross pattern being observed for most granules when viewed using polarized light. This is consistent with radial order within granules spanning distance scales comparable with the wavelength of visible light (i.e. 10'-10' nm), and is likely to be related to microscopic observations of 'growth ring' structures within granules [ 11. Shorter-range crystalline order is detected by X-ray diffraction; the minimum dimensions for significant diffraction effects to be observed are probably of the order of 5-10 nm. In addition to wide-angle diffraction effects, most hydrated starch granules show a defined peak in small-angle X-ray or neutron-scattering experiments [ 3 , 71 which corresponds to a structural unit with a 9-1 1 nm repeat distance. This is most likely due to a regular spacing between 'clusters' of (partially crystalline) amylopectin branches as suggested by recent molecular structure models for where spectroscopic methods would be the most appropriate. In particular, solid state I3C n.m.r. spectra of starch granule samples have been shown, through studies of relevant model systems, to be due to a combination of features reflecting ordered (double helical) and non-ordered (single chain) conformational states [9] . Using a spectral simulation approach the double helix to single chain ratio can now be determined for solid starch samples. Results show that the level of helical order is often significantly greater than the extent of crystalline order as determined by X-ray diffraction, therefore suggesting that starch granules contain many double helical chains which are not involved in extended crystalline arrays [9] .
Most structural studies of starch granules are carried out under conditions remote from the disordering which occurs upon gelatinization, and therefore provide information relevant to native granule structure. The gelatinization process (caused e.g. by heating in excess water above 60-80°C for most starches) results in complete loss of structural order as monitored by the various techniques described above. A particularly useful probe of this structural disordering is differential scanning calorimetry (DSC) which shows an endothermic 'melting' process, which is assumed to be directly related to loss of crystalline order. Gelatinization is usually monitored either by DSC or loss of granular birefringence, but seldom is more than one technique used to characterize the event.
In this report, we describe a multi-technique study of the gelatinization of waxy maize starch (Amioca ex. National Starch) to probe the sequence of events occurring during the gelatinization process, and to examine the inter-dependence of the loss of structure at different distance levels. Such information complements studies of intact native granules and provides insights into the forces involved in maintenance of granule integrity. Two approaches have been taken in this study. In the first, the gelatinization process in excess water has been examined under identical time and temperature regimes by microscopy (loss of birefringence), DSC, and viscosity increase (a measure of water uptake). In the second approach, solid starch samples have been isolated at various stages during the same time/temperature course and examined by a range of structural probes. The results obtained are discussed in the following two sections.
Thermal disordering of waxy maize starch in excess water
At concentrations below 25-30% in water, waxy maize starch gelatinization as monitored by DSC indicates that structural disordering occurs over the same temperature range with enthalpy changes proportional to concentration. This shows that water availability is not limiting under, these conditions [ 11. We have studied thermal disordering in this concentration regime by DSC, loss of birefringence and viscosity increase. Birefringence loss was monitored using video recordings of controlled heating of waxy maize starch suspensions on a microscope hot stage. As expected [ 11, each starch granule was observed to lose birefringence and start to swell over a relatively narrow temperature range (ca TC), whereas there was a broader range of temperatures (cu. 10°C) between the first and last granules to show the effect. Observations from cu. 200 individual granules were combined to produce the percentage conversion data shown in Table 1 . A further feature of this system was that swelling of granules, although starting at the temperature of birefringence loss, continued throughout subsequent heating. For a 10% (w/v) starch concentration, this swelling was sufficient to observe measurable viscosity (in a Rrabender Amylograph) at 72-73°C upon heating at a similar rate to that used in microscope observations ( 1 . X min -').
This temperature is 8°C higher than that for 10% birefringence loss and 3-4°C higher than the temperature for 90% birefringence loss (Table 1) .
T o determine which stage of the observed gradual swelling process is monitored by DSC, a series of experiments was carried out using two instruments (Perkin-Elmer DSC7 and Setaram micro DSC) at a range of scan rates to eliminate effects due to sample size and rates of temperature increase. For both instruments, extrapolated scanrate independent data were very similar with onset and peak temperatures of typically 68.3 and 72.7"C and an endothermic enthalpy of 16-17 J/g in line with previous studies. T o make comparisons with birefringence loss, DSC data are presented in Table  1 in percentage conversion form. It can be seen that the two techniques are apparently not monitoring the same stage of the gelatinization process, the loss of birefringence being, for example, 95% complete before 20% of the enthalpic process has occurred.
Significant viscosity increase occurs towards the completion of the DSC-monitored process. These results therefore suggest that waxy maize starch gelatinization should be viewed as a gradual process with birefringence loss being an early event folVolume 19 Table I Temperature course of structure loss in waxy maize starch Waxy maize starch (Amioca ex. National Starch) was heated at 1.25"C min-l on a microscope hot stage and loss of birefringence was assessed following video recording. At a similar heating rate, viscosity increase (Brabender Viscograph) is first noted at 72-73°C for 10% (w/v) suspensions. Scan-rateindependent enthalpy measurements by DSC are expressed relative t o a total transition enthalpy of 16.6 J g-I.
Table 2
Comparison of structure loss, by various techniques, for partially-disordered waxy maize starch Samples were prepared by cooling and freeze-drying 5% (w/v) suspensions heated (at I .z"C min-I) t o temperatures corresponding to various extents of birefringence loss (Table I ) lowed by an endothermic process and leading to a viscosity increase. Furthermore, at least the early stages of birefringence loss are virtually DSC-transparent, in contrast to some previous models for gelatinization which have emphasized crystallite melting (as presumed to be monitored by DSC) as a trigger for starch swelling. A prediction from these experiments would be that granules isolated at temperatures corresponding to intermediate stages of the gelatinization process should retain partial structural organization, and that loss of birefringence in such samples should be greater than loss of shorter-range structural order.
Isolation and characterization of partially-disordered waxy maize starch
Partially-disordered waxy maize starch samples were prepared in excess water (5% starch) by heating at l.TC/min up to temperatures corresponding to various extents of birefringence loss as observed microscopically (Table l) , followed by cooling under running cold water and lyophilization. Following resuspension in water, microscopic observation suggested that the percentage of birefringent granules corresponded to that expected on the basis of earlier experiments ( range order in these samples were probed by both powder X-ray diffraction and "C solid state n.m.r. using previously described methods [9, 101. Endothermic enthalpy values and temperatures were observed by DSC on heating in excess water. To compare the results from different techniques, data were expressed in the percentage conversion form used previously (Table 1) . The results are shown in Table 2 .
'4s would be predicted from the data in Table   1 , granular birefringence is consistently at a lower level than residual enthalpy measured by DSC, thus confirming that the two techniques monitor significantly different stages of the gelatinization process.
Comparison of Table 1 and Table 2 shows that materials isolated after heating to various temperatures (Table 2 ) have a lower residual enthalpy value on reheating than would be predicted simply on the basis of the fraction of the gelatinization endotherm which had been reached during heating (Table 1) . This suggests that structure loss (leading to a reduction in enthalpy) occurs during the isolation procedures employed, presumably owing to either kinetic or drying effects. The close correlation between extents of reduction in crystallinity, molecular order and enthalpy following isolation at defined temperatures (Table 2) indicates that these three parameters change over very similar temperature regimes during gelatinization, in contrast to the reduction in birefringence. It is therefore inferred that, for waxy maize starch, loss of crystalline and molecular order are not experimentally resolvable events during gelatinization, i.e. hypotheses invoking melting of non-crystalline molecular order before crystalline order loss, or those invoking loss of crystal register before molecular order loss, do not appear to be appropriate.
Starch samples isolated after heating to defined stages of the gelatinization process can also be examined by electron microscopy to visualize the macroscopic effects of molecular structure loss. As gelatinization appears to be a granule-specific series of events, it is not surprising that waxy maize starch samples isolated at a temperature corresponding to 50% loss of granular birefringence contain a range of structures including apparently unchanged granules through to highly expanded species such as previously reported for gelatinized starches [ 111. Structures intermediate between these extremes are more informative, an example of which is shown in Fig. 1 . Such images suggest that waxy maize starch granule expansion may occur preferentially in zones corresponding to 'growth Waxy maize starch heated in excess water t o a temperature corresponding t o 50% loss of granular birefringence was freeze-dried, suspended in liquid nitrogen and ground in a pestle and mortar The resulting fractured sample was observed at ambient temperature using a Jeol JSMSZO electron microscope It is presumed that the interior granule features in the image are revealed due t o granule fracture during the grinding process.
rings', possibly involving amorphous polymer segments. Also seen in Fig. 1 are fissures suggestive of an expansion process tangential to the 'growth rings', and leading to an overall apparent 'dartboard' structure for this partially-expanded granule. Similar features have been observed for other partiallydisordered granules of waxy maize starch. Taken together, the results presented show that starch gelatinization in excess water is a process which is resolvable into stages involving (i) loss of granular birefringence, (ii) concerted loss of crystalline and molecular order reflected in DSC measurements, and (iii) continued swelling leading to significant viscosity development at appropriate concentrations. Several inferences concerning granule structure and integrity are also suggested. First, the initiation of gelatinization does not appear to be due to crystalline melting, thereby implicating amorphous polymer segments as the site for initial structural change. Secondly, the similarity in the relative rate of structure loss with increasing temperature monitored by both birefringence loss and DSC enthalpy (Table I) , suggests the possibility that the characteristic gelatinization endotherm may be a composite of well-defined (narrow) thermal events in the same way that the temperature of birefringence loss is well-defined for a single granule but shows significant inter-granular variation.
Thirdly, images such as Fig. 1 would be consistent with initial granule expansion in defined (amorphous?) regions with potential maintenance of local crystalline and molecular order.
Further studies in this area could make use of other structural probes (e.g. small-angle X-ray scattering) and a range of base starches to build upon these initial observations. It is anticipated that such an approach will provide information relevant to granule structure and stability, and hence further identify the blueprint of structural organization which is followed during starch biosynthesis.
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Introduction
Fructans are linear or branched fructose polymers, which are either P-2.1-linked inulins or /3-2,6-linked levans. Fructans are mainly of plant origin, although some fungi and many bacteria are known to produce fructans. Since they are synthesized from sucrose, by repeated fructosyl transfer from a fructosyl donor, both inulins and levans have a terminal glucose unit.
Plant inulins and levans are synthesized via a fructan trisaccharide intermediate, formed by addition of a fructosyl residue to sucrose at either the C-1 or C-6 position of the fructose moiety (giving rise to 1-kestose and 6-kestose, respectively; Fig. l) , or the C-6 position of the glucose moiety (leading to neokestose; Fig. 1 ). Higher homologues (with degrees of polymerization [DP] of up to some hundreds) are formed by chain elongation through sequential addition of fructose molecules to the terminal fructose unit ( 1-kestose, 6-kestose) or units (neokestose). 1-Kestose is often considered to be the universal fructosyl donor in plants. Since in neokestose fructosyl transfer can occur at both ends, inulins and levans based on this trisaccharide have an in-chain glucose moiety rather than a terminal one.
The enzymes generally considered to be involved in plant fructan synthesis are sucrose:sucrose fructosyltransferase (SST) which catalyses fructosyl transfer from one sucrose (G 1-2F) molecule to another, leading to 1-kestose (G 1-2F 1 -2F) and glucose. Three different fructan:fructan fructosyltransferases, namely IF-, Abbreviations used: DP, degree of polymerization; SST, sucrose:sucrose fructosyltransferase; FET, fructaxfructan fructosyltransferase; HMF, S-hydro-oxymethylfurfural; MDH, mannitol dehydrogenase. 
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Neokestose 6F-and 6';-FFT, catalyse the transfer of fructosyl residues from 1-kestose to sucrose with formation of 1-kestose, 6-kestose (G1-2F6-2F) and neokestose (F2-6G 1-2F), respectively. Chain elongation is mediated by either lF-or 6F-FFT, leading to either inulins or levans according to the following simplitied reactions:
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